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ADAPTIVE CODED MODULATION IN LOW
EARTH ORBIT SATELLITE
COMMUNICATION SYSTEM

FIELD OF THE INVENTION

This invention relates to using adaptive coded modulation
without real-time feedback of SNR in a LEO satellite com-
munication system.

BACKGROUND

Satellite systems are used for many reasons, including
observation, communication, navigation, weather monitor-
ing and research. Satellites and their orbits can vary widely,
depending on their function. One common classification sys-
tem for satellites is based on their orbit, for example, low earth
orbit (LEO), polar orbit or geostationary orbit.

A LEO satellite system is commonly defined as having an
orbit between 160 kilometers and 2000 kilometers above the
Earth’s surface. It has many purposes, particularly for com-
munication systems, since a less powerful amplifier is
required for transmission than for satellites with higher orbits.
LEO satellites travel at a high velocity in order to maintain
their orbit, and typically make one complete revolution
around the Earth in about 90 minutes. Since they are not
geostationary, LEO satellites are used in a network, or con-
stellation, of several linked satellites to provide continuous
transmission coverage. Receivers are positioned at various
places around the Earth and communicate with any given
LEO satellite only when it is within range. By the same token,
the satellite communicates with any given receiver for only a
portion of its orbit.

Satellite systems are costly, operate in widely varying link
conditions, and generally have long transmission delays.
Transmissions between satellites and ground-based receivers
can also be heavily impacted by the background noise. These
transmissions are characterized by a signal-to-noise ratio
(SNR) which is the ratio of the signal power to the noise
power. The channel capacity of a LEO satellite communica-
tion, C, 5, is typically given by

C; zo=BWxlog,(1+SNR)

where BW denotes available bandwidth for communica-
tion and SNR denotes Signal-to-Noise ratio. This formula is
known as the Shannon limit or Shannon capacity and is the
theoretical maximum information transfer rate of the chan-
nel, for a particular noise level.

Initially, prior art satellite communication systems used a
fixed rate transmission. This required no feedback but was
highly sub-optimal when used in a system with widely vary-
ing received SNR. An improvement on fixed transmission is
adaptive coded modulation (ACM) that measures SNR in
real-time and provides feedback to govern the ACM trans-
mission rate.

It is well-known that adaptive coded modulation (ACM)
will maximize the throughput of a channel based on the
current channel conditions. Traditional satellite communica-
tion systems (i.e. either LEO or GEO) require a feedback
channel (i.e. from the ground receiver (Rx) to satellite trans-
mitter (Tx)) so they can adaptively change coding rate and
modulation format at the transmitter in response to conditions
at the receiver. A conventional ACM method relies on obtain-
ing current channel state information (CSI) from the feedback
channel. Thus, it is essentially a “closed-loop” communica-
tion system as depicted in FIG. 1. As shown in FIG. 1, an
ACM module 102 in a LEO satellite provides ACM data to
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2

transmitter 104 which is sent over a communication channel
106 to receiver 108. Receiver 108 provides the received data
to ACM module 110 which demodulates the data and pro-
vides feedback to ACM module 102 about received SNR
using feedback channel 112. However, long transmission
delays in a satellite system can make near real-time feedback
difficult to accomplish.

Thus, a need exists to provide ACM in a LEO satellite
system without requiring real-time feedback of received
SNR.

SUMMARY

Adaptive Coded Modulation in LEO satellite communica-
tion system is accomplished by predicting the received power
signal at the receiver without using channel feedback.

In a first embodiment, the invention is a method for trans-
mitting data to a receiver by a LEO satellite including the
steps of predicting a received signal-to-noise-ratio (SNR) and
adapting the coding rate and modulation format of the trans-
mitter to the predicted SNR without real-time feedback about
the received SNR from the receiver.

In a second embodiment, the invention is a LEO satellite
for transmitting data to a receiver having one or more proces-
sors for predicting a received signal-to-noise-ratio (SNR) and
a transmitter adapting the coding rate and modulation format
of the transmitter to the predicted SNR without real-time
feedback about the received SNR from the receiver.

In a third embodiment, the invention is a LEO satellite
system for providing adaptive coded modulation (ACM) dur-
ing LEO satellite communications having a transmitter in the
LEO satellite for performing ACM in conjunction with pre-
dicted received SNR without real-time feedback and a
ground-based receiver for rapidly detecting changes in trans-
mission rate and changing its demodulation rate in tandem
with the transmitter.

In any of the above embodiments, the invention further
includes wherein the receiver rapidly detects changes in
transmission rate and changes its demodulation rate in tan-
dem with the LEO satellite.

In any of the above embodiments, the invention further
includes wherein the predicted SNR is based on location
factors including at least one of range, elevation and trajec-
tory.

In any of the above embodiments, the invention further
includes wherein the predicted SNR is based on propagation
loss factors including at least one of free space path loss,
atmospheric/weather attenuation, receiver terminal G/T,
transmitter terminal Equivalent isotropically radiated power
(EIRP), predicted moisture level, predicted ground weather,
pointing loss of a transmitter array, high power amplifier
output backoff (HPA OBO) and predicted regulatory flux
density limit.

In any of the above embodiments, the invention further
includes wherein the predicted SNG is based on electronic
performance factors, including at least one of gain or antenna
scanning.

In any of the above embodiments, the invention further
includes wherein data is transmitted by the transmitter at a
variable rate in the range of Gigabytes per second (Gb/s), and
feedback about variable conditions at the receiver is provided
to the LEO satellite at a non-time critical period of at least
once per hour.

In any of the above embodiments, the invention further
includes wherein the variable conditions at the receiver
include at least one of local weather and ground moisture
level.
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DESCRIPTION OF THE DRAWINGS

Features of example implementations of the invention will
become apparent from the description, the claims, and the
accompanying drawings in which:

FIG. 1 illustrates prior art ACM in LEO/GEO Satellite
Communication System.

FIG. 2 illustrates a LEO Satellite Communication System
using ACM in one embodiment of the invention.

FIG. 3 is a graph depicting received power and achievable
throughput as a function of elevation angle of a LEO satellite
during each pass.

FIGS. 4A, 4B and 4C illustrate the operation of an embodi-
ment of the invention.

FIGS. 5A, 5B and 5C further illustrate the operation of an
embodiment of the invention.

FIGS. 6A, 6B and 6C further illustrate the operation of an
embodiment of the invention.

FIG. 7 is a graph depicting total throughput per pass against
satellite EIRP.

FIG. 8 is a graph depicting channel capacity against clear-
sky SNR.

FIG. 9 is block diagram of an apparatus for implementing
the invention.

DETAILED DESCRIPTION

LEO satellite systems operate in widely varying link con-
ditions and generally have long transmission delays between
transmitters and receivers. Due to the varying link conditions,
Adaptive Coded Modulation (ACM) is very useful for pro-
viding throughput that is near the best achievable based on the
Shannon capacity as shown by

Crzo=BWxlog,(1+SNR) o)

where BW denotes available bandwidth for communica-
tion and SNR denotes Signal-to-Noise ratio.

However, in order to adapt to the current channel condition,
the transmitter must know the channel a priori before any
transmission can take place, particularly the received signal-
to-noise ratio (SNR), characterized by the equation:

SNR=P/N )

where Ps denotes the received signal power and N denotes
the received noise power.

Closely examining the Shannon capacity formula reveals
the fact that the LEO satellite channel capacity, C; ., is
solely a deterministic function of the received SNR. With the
received noise power usually fixed at some constant (for
example, receiver RF front-end thermal condition), the
received SNR can be completely determined from the
received signal power P..

The received power P, from a LEO satellite transmitter
(and hence the SNR) at the ground receiver is largely predict-
able: While it is varying over time (i.e. over each LEO pass),
it varies in a deterministic fashion. Thus, in one embodiment,
the invention selects a coding rate and modulation format at
the transmitter in an open loop fashion as depicted in FIG. 2.

As shown in FIG. 2, an ACM module 202 in a LEO satellite
provides ACM data to transmitter 204 which is sent over a
communication channel 206 to receiver 208. Receiver 208
provides the received data to ACM module 210 which
demodulates the data. Unlike the system of FIG. 1, however,
ACM module 202 operates largely independently of ACM
module 210 and does not require a feedback channel in real
time.

Examples of predictable components of SNR include free
space path loss, receiver terminal G/T (gain-to-noise-tem-
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perature), transmitter terminal equivalent isotropically radi-
ated power (EIRP), pointing loss of a transmitter array, high
power amplifier output backotf (HPA OBO), predicted regu-
latory flux density limit, predicted moisture level and pre-
dicted ground weather. Predictable SNR can vary rapidly
(e.g., free space path loss and pointing loss in an array during
a LEO orbit) or slowly (e.g., gain change of an amplifier over
life). This predictability allows non-time critical feedback of
link characteristics so that the transmitter can accurately
know statistics describing the received SNR before a trans-
mission occurs. This accurate characterization allows the
selection of a coding and modulation that will maximize the
transmission rate while ensuring a desired link availability.
More precisely, in a LEO satellite communication system, the
received signal power P, is a predictable and deterministic
function of:

G 3
Ps(Free space path loss, RxT, EIRP, Tx Point Loss, HPA OBO] = 3

G
f(Free space path loss, RxT, EIRP, Tx Point Loss, HPA OBO).

Itis important to realize the above function is deterministic
and predictable for every pass of the LEO satellite. For
example, arguments such as Tx Point Loss and HPA OBO are
parameters which can be measured during the factory cali-
bration process even before the launch of the satellite. The
received power can be characterized by the range, R, between
the LEO satellite (Tx) and the ground terminal (Rx) as:

P(R) = )

VGa 4
10log,;((P,) + 20log;, el L(Tx Point Loss, HPA OBO),

where P, is the transmitted power, G is the antenna gain and
L(.) denotes the loss function due to transmitter pointing loss
and HPA back-off. As shown by the above equation, during
each LEO pass, R is the only parameter that varies over time
(i.e. depending on the actual geometric position of the satel-
lite relative to the ground terminal). Also, it is also important
to realize that the geometric position of the LEO satellite is
completely deterministic and predictable due to LEO orbital
mechanics. Therefore, the received power P, is indeed pre-
dictable based on the relative position of LEO satellite (i.e.
can be expressed in terms of elevation angle) and thus, so is
SNR.

FIG. 3 is a graph depicting the received power and achiev-
able throughput on the Y axis as a function of elevation angle
of a LEO satellite on each pass on the X axis. Line 310
represents the relative received power at the ground station as
a function of elevation angle according to equation (3) above.
Line 320 represents the achievable rate using a fixed coding
and modulation scheme. The intersection of lines 310 and 320
shows that fixed coding and modulation is optimal at only a
single elevation angle, approximately 10 degrees in this
example. Line 330 depicts the achievable rate using adaptive
coding modulation according to an embodiment of the inven-
tion. The use of ACM allows more communication time by
providing transmissions during elevation angles smaller than
10 degrees. It also increases the spectral efficiency at higher
elevation angles.

As clearly demonstrated in FIG. 3, the received power can
be characterized as a function of elevation angle and becomes
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deterministic during each LEO pass. Therefore, the LEO
satellite (Tx) can “pre-program” its transmission mode
depending on its relative geometric location without the need
of a feedback channel.

There is significant throughput benefit in having the ability
to support a wide range of data rates so that full exploitation
of'this accurate SNR characterization is only achieved with a
finely quantized modulation and coding scheme. In addition,
a desirable characteristic in minimizing the frequency of the
link condition feedback is the ability of the receiver to accu-
rately detect a rate change and seamlessly change demodula-
tion to accommodate the new rate. This seamless receiver
operation enables the transmitter and receiver to remain only
loosely coupled.

The operation of the inventive LEO satellite transmitter is
shown in FIGS. 4A-4C, which show predictive adaptive
coded modulation for a single pass of a satellite transmitter
over a receiver. In FIG. 4A, a LEO satellite approaches a
ground station in Los Angeles, Calif., at a range 0f 3220 km,
an elevation of 1.6° and an azimuth of 104.2°. The predicted
SNR is 3.5 dB resulting in a ACM Data Rate of 1.7 Gbps. In
FIG. 4B, the satellite has moved further along its orbit, having
arange of 2724 km relative to the base station, an elevation of
6.8° and an azimuth of 87.9°. This resultsina SNR of 11.3 dB
and an ideal ACM data rate of 4.2 Gbps. For this particular
orbit and base station, an ACM data rate of 4.2 Gbps appears
to be a maximum, as shown in FIG. 4C.

FIGS. 5A-5C depict the operation of another orbit of a
LEO satellite where the satellite passes more directly over the
base station in Los Angeles, Calif. In FIG. 5A, at a range of
2999 km, elevation 0f3.7° and an azimuth 0f 165.4°, an ACM
data rate of 3.3 Gbps is possible. Then, in FIG. 5B, the
satellite has a range of 1003 km, an elevation of 55.4° and an
azimuth of 166.2°, resulting in a SNR 0f21.4 dB and an ACM
data rate of 7.3 Gbps. Finally, in FIG. 5C, as the LEO satellite
continues to move away from the base station, its range is
3002 km, its elevation is 3.9° and azimuth is 347.2°, resulting
in a SNR of 9.1 and a reduced ACM data rate of 3.3 Gbps.

A third orbit of a LEO satellite relative to a base station at
Los Angeles is shown in FIGS. 6A-6C. In FIG. 6A, the
satellite begins to transmit to the base station at a range of
3271 km, an elevation of 1.1° and an azimuth 0 228.5°, using
an ACM data rate of 0.8 Gbps. At a maximum for this orbit as
shown in FIG. 6B, the satellite has a range of 2622, an eleva-
tion of 8.0° and an azimuth of 270.1°, resulting in an ACM
data rate of 4.2 Gbps. Finally, the satellite stops transmitting
when it reaches a range of 3285 km, an elevation of 1.1°, an
azimuth 0of311.5° and an ACM data rate of 0.8 Gbps as shown
in FIG. 6C.

Itisunderstood that there are less-predictable elements that
can impact the received SNR, such as: weather attenuation,
ground moisture level and local weather. First, it is envisioned
that any deployable modern LEO satellite communication
systems are capable of delivering date rates at Gb/s, which
inherently has a symbol rate easily at Gsymbol/sec. The time
scale of the communication is happening at nanoseconds (i.e.
107° sec). On the other hand, local weather events around the
ground terminal are happening on the time scale of hours.
That is, a weather forecast of local rain, storm or snow infor-
mation can be made available on the order of hours. Thus,
special instructions can certainly be fed back to the LEO
satellite transmitter to better coordinate with local weather
situation. But, such feedback channel is only needed for spe-
cial weather condition and is not required for usual operation
and the feedback may only need to be provided, for example,
once an hour or once a day.
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FIG. 7 demonstrates the throughput and power benefits of
ACM compared to conventional fixed coding and modula-
tion. For example, at the same Rx EIRP of 65 dBmi, ACM
provides 2800 Gb more total throughput per LEO pass, or
equivalently a 122% increased, compared to fixed coding and
modulation scheme. On the other hand, at the same total
throughput 0of 2000 Gb per LEO pass, ACM achieves a power
saving of 12 dBmi compared to fixed coding and modulation
scheme.

FIG. 8 shows the throughput benefits of ACM compared to
fixed coding and modulation with 99% link availability. To
achieve a certain percentage of availability, fixed coding and
modulation usually requires larger margin (i.e. higher SNR)
to close the communication link. For example, 16APSK
R-3/4 fixed coding and modulation scheme requires 17.5 dB
to achieve 99% of availability (i.e. or equivalently 1% outage
probability). Allowing the coding and modulation varies
according to channel condition, at exactly the same SNR of
17.5 dB and 99% of availability, ACM achieves 4.8 bits/Sec/
Hz on average, or equivalently 60% increased average rate,
compared to fixed coding and modulation.

FIG. 9 shows a block diagram of a LEO satellite 900.
Module 910 keeps track of the relative geometric location of
the satellite. Modules 912-924 operate in parallel to predict
components of received SNR. Module 912 predicts free path
loss, module 914 predicts receiver terminal G/T, module 916
predicts transmitter terminal EIRP, module 918 predicts
pointing loss of a transmitter array, module 920 predicts high
power amplifier output backoff (HPA OBO), module 922
predicts regulatory flux density limit and module 924 predicts
ground weather. The output of modules 912-924 are provided
to module 926, which combines the outputs to predict a
receiver power and outputs it to module 928, which predicts a
receiver SNR that is provided to module 930, which selects a
coding and modulation for data to be transmitted by transmit-
ter 900.

The apparatus of FIG. 9 in one example comprises a plu-
rality of components such as one or more of electronic com-
ponents, hardware components, and computer software com-
ponents. A number of such components can be combined or
divided in the apparatus.

The apparatus of FIG. 9 in one example employs one or
more computer-readable signal-bearing media. The com-
puter-readable signal-bearing media store software, firmware
and/or assembly language for performing one or more por-
tions of one or more implementations of the invention. The
computer-readable signal-bearing medium in one example
comprise one or more of a magnetic, electrical, optical, bio-
logical, and atomic data storage medium. For example, the
computer-readable signal-bearing medium comprise, DVD-
ROMs, Blue Ray discs, hard disk drives, Raid drives and
other forms of electronic memory.

The steps or operations described herein are just for
example. There may be many variations to these steps or
operations without departing from the spirit of the invention.
For instance, the steps may be performed in a differing order,
or steps may be added, deleted, or modified.

Although example implementations of the invention have
been depicted and described in detail herein, it will be appar-
ent to those skilled in the relevant art that various modifica-
tions, additions, substitutions, and the like can be made with-
out departing from the spirit of the invention and these are
therefore considered to be within the scope of the invention as
defined in the following claims.
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What is claimed is:

1. A method for transmitting data to a receiver by a LEO
satellite comprising the steps executed by the LEO satellite
of:

predicting a received signal-to-noise-ratio (SNR) experi-
enced by the receiver based on a range between the LEO
satellite and the receiver;

adapting the coding rate and modulation format of a trans-
mitter in the LEO satellite to the predicted SNR without
real-time feedback about the received SNR from the
receiver.

2. The method of claim 1 wherein the receiver detects
changes in transmission rate and changes its demodulation
rate in tandem with the LEO satellite.

3. The method of claim 1 wherein the predicted SNR is
based on location factors including at least one of range,
elevation and trajectory.

4. The method of claim 1 wherein the predicted SNR is
based on propagation loss factors including at least one of free
space path loss, atmospheric/weather attenuation, receiver
terminal G/T, transmitter terminal Equivalent isotropically
radiated power (EIRP), predicted moisture level, predicted
ground weather, pointing loss of a transmitter array, high
power amplifier output backoff (HPA OBO) and predicted
regulatory flux density limit.

5. The method of claim 1 wherein the predicted SNR is
based on electronic performance factors, including at least
one of gain or antenna scanning.

6. The method of claim 1 wherein data is transmitted by the
transmitter at a variable rate in the range of Gigabytes per
second (Gb/s), and feedback about variable conditions at the
receiver is provided to the LEO satellite at a non-time critical
period of at least once per hour.

7. The method of claim 6 wherein the variable conditions at
the receiver include at least one of local weather and ground
moisture level.

8. A LEO satellite for transmitting data to a receiver com-
prising:

one or more processors for predicting a received signal-to-
noise-ratio (SNR) experienced by the receiver based on
a range between the LEO satellite and the receiver;

a transmitter adapting the coding rate and modulation for-
mat of the transmitter to the predicted SNR without
real-time feedback about the received SNR from the
receiver.

9. The LEO satellite of claim 8 wherein the receiver detects
changes in transmission rate and changes its demodulation
rate in tandem with the LEO satellite.

10. The LEO satellite of claim 8 wherein the predicted SNR
is based on location factors including at least one of range,
elevation and trajectory.

11. The LEO satellite of claim 8 wherein the predicted SNR
is based on propagation loss factors including at least one of
free space path loss, atmospheric/weather attenuation,
receiver terminal G/T, transmitter terminal Equivalent isotro-
pically radiated power (EIRP), predicted moisture level, pre-
dicted ground weather, pointing loss of a transmitter array,
high power amplifier output backoft (HPA OBO) and pre-
dicted regulatory flux density limit.
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12. The LEOssatellite of claim 8 wherein the predicted SNR
is based on electronic performance factors, including at least
one of gain or antenna scanning.

13. The LEO satellite of claim 8 wherein data is transmitted
by the transmitter at a variable rate in the range of Gigabytes
per second (Gb/s), and feedback about variable conditions at
the receiver is provided to the LEO satellite at a non-time
critical period of at least once per hour.

14. The LEO satellite of claim 13 wherein the variable
conditions at the receiver include at least one of local weather
and ground moisture level.

15. A LEO satellite communication system for providing
adaptive coded modulation (ACM) during LEO satellite com-
munications comprising:

a ground-based receiver for rapidly detecting changes in
transmission rate and changing its demodulation rate in
tandem with changes in the transmission rate; and

a transmitter in the LEO satellite for performing ACM in
conjunction with predicted received SNR based on a
range between the LEO satellite and the ground-based
receiver without real-time feedback.

16. The LEO satellite communication system of claim 15
wherein the predicted SNR is based on location factors
including at least one of range, elevation and trajectory.

17. The LEO satellite communication system of claim 15
wherein the predicted SNR is based on propagation loss fac-
tors including at least one of free space path loss, atmo-
spheric/weather attenuation, receiver terminal G/ T, transmit-
ter terminal Equivalent isotropically radiated power (EIRP),
predicted moisture level, predicted ground weather, pointing
loss of a transmitter array, high power amplifier output back-
off (HPA OBO) and predicted regulatory flux density limit.

18. The LEO satellite communication system of claim 15
wherein the predicted SNR is based on electronic perfor-
mance factors, including at least one of gain or antenna scan-
ning.

19. The LEO satellite communication system of claim 15
wherein data is transmitted by the transmitter at a variable rate
in the range of Gigabytes per second (Gb/s), and feedback
about variable conditions including at least one of local
weather and ground moisture level at the receiver is provided
to the LEO satellite at a non-time critical period of at least
once per hour.

20. The method of claim 1, wherein the predicted received
SNR is based on a predicted signal power at the receiver, P,
according to the equation

GA .
— L(Tx Point Loss, HPA OBO)

Ps(R) = 10log o(P,) + ZOIOgIO( InR

where R is the range between the LEO satellite and the
receiver, P, is the transmitted power, G is the antenna
gain and L(Tx Point Loss, HPA OBO) is the loss func-
tion due to transmitter (Tx) pointing loss and high power
amplifier (HPA) output back-off (OBO).
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